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ARTICLE INFO ABSTRACT

Keywords: Photocatalytic technology offers powerful virus disinfection in wastewater via oxidative capability with mini-
Photocatalysis mum harmful by-products generation. This review paper aims to provide state-of-the-art photocatalytic tech-
Wastewater nology in battling transmission of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in wastewater.
ZII:I‘:;-COV-Q Prior to that, the advantages and limitations of the existing conventional and advanced oxidation processes for
COVID-19 virus disinfection in water systems were thoroughly examined. A wide spectrum of virus degradation by various

photocatalysts was then considered to understand the potential mechanism for deactivating this deadly virus.
The challenges and future perspectives were comprehensively discussed at the end of this review describing the
limitations of current photocatalytic technology and suggesting a realistic outlook on advanced photocatalytic
technology as a potential solution in dealing with similar upcoming pandemics. The major finding of this review
including discovery of a vision on the possible photocatalytic approaches that have been proven to be
outstanding against other viruses and subsequently combatting SARS-CoV-2 in wastewater. This review intends
to deliver insightful information and discussion on the potential of photocatalysis in battling COVID-19 trans-
mission through wastewater.

1. Introduction

Novel coronavirus disease 2019 (COVID-19) has been declared a
pandemic in most countries since the end of March 2020 and has
affected 216 countries causing over 2 billion deaths as of 24 January
2021. This COVID-19 is an illness caused by the new coronavirus
emerging in Wuhan, Hubei Province, China, in early December 2019. On
11 March 2020, the World Health Organization declared COVID-19 a
pandemic [1]. Since the effects of this novel coronavirus are close to
those of extreme acute respiratory syndrome (SARS), it has been named
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [2]. It is
believed that this virus was developed from bats and then moved into
other mammalian hosts before jumping to humans. COVID-19 is the
third zoonotic epidemic of the twenty-first century, after SARS
(2002-2003) and Middle East respiratory syndrome (MERS, 2012) [3].

COVID-19 virus is a positive-stranded ribonucleic acid (RNA) virus

with a crown-like appearance under an electron microscope due to the
presence of spike glycoproteins on the envelope (Fig. 1) [4]. In addition,
the COVID-19 virus is similar to the SARS virus in 2003 but spread
faster. Illness caused by COVID-19 is mostly respiratory disease, while
symptoms can be cough, fever, nausea, and diarrhoea [5]. The main
route of transmission of the COVID-19 virus is inhalation by
person-to-person transmission. Based on its symptoms, the transmission
can also occur through respiratory droplets and aerosol transmission.
For this reason, researchers have focused on various types of trans-
mission, including wastewater, due to the probability that the virus may
affect the wastewater from the hospital waste, such as human faecal
from infected persons [6].

Many contaminants can be found in wastewater, especially those
discharged from the hospital, such as pharmaceutical residues, chemical
substances, radioisotopes, and microbial pathogens [7]. Notably,
various viruses have been found in the hospital wastewater such as
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Fig. 1. Schematic diagram of COVID-19 virus structure [4].

adenoviruses, hepatitis A (HAV), and polioviruses. This is according to
the media that can be the reason for the viruses to be transmitted, which
is water media. Since 2003, drainage plumbing systems have been
deemed a possible mechanism for spreading the SARS-CoV-1 coronavi-
rus into the sewage system for coronavirus-infected populations living in
apartment buildings [8,9]. The SARS-CoV-2 virus, like SARS-CoV-1, can
be transmitted by aerosols or microscopic water droplets [10]. In fact,
according to van Rowan et al. (2020) [11], the SARS-CoV-2 and
SARS-CoV-1 viruses have comparable stability in aerosols on the sur-
face. Viruses may remain viable and contagious on surfaces (for a few
days) and in aerosols depending on the inoculum shed (for hours) [11].

To curb and alleviate infectious drinking water, water purification
technologies have advanced significantly in the last century [12-16].
The number of waterborne diseases outbreaks, including cholera and
typhoid, has declined because of drinking water disinfection. Water
disinfection is the elimination, deactivation, or destruction of patho-
genic microorganisms from water. Microorganisms are killed or made
inactive, putting an end to their development and reproduction. Steri-
lisation is a disinfection-related process. During the sterilisation process,
all present microorganisms, both dangerous and harmless, are destroyed
[17].

Researchers in the Netherlands were the first to detect COVID-19
viruses in the hospital wastewater [18]. Later, Wu et al. [19] also
found COVID-19 viruses in the hospital wastewater that is believed
transmitted from the human faecal matter of infected person. As in many
countries in this world, several studies detected the existence of the
COVID-19 virus in the human faecal of COVID-19 patients with or
without gastrointestinal symptoms [20]. It should be noted that in some
countries, they are not discharged properly. These hazardous contami-
nants, especially viruses, can represent chemical, biological, and phys-
ical risks for public and environmental health.

Conventionally, virus disinfection in water and wastewater divided
into two main categories which are physical and chemical methods.
Physical disinfection including through heating, adsorption and filtra-
tion. Virus will be physically removed from water based on size exclu-
sion. However, due to their small sizes and unique properties of the
viruses, they are difficult to remove and deactivate. While, chemical
disinfection involved the usage of chemicals to disinfect the virus.
Chlorination technique is one the most common technique for virus
disinfection that using chlorine gas, chloramines or hypochlorite solu-
tion [21-24]. Previous study reported chlorination could remove
SARS-CoV-1 efficiently [25]. Unfortunately, chlorination was opposed
due to generation of mutagenic and carcinogenic disinfection by prod-
ucts. Likewise, chlorination also imparts unpleasant tastes and odours to
the water. In battling the pandemic, the performance and environmental
safety should be taken into serious consideration.

As the current published research of pandemic COVID-19 is focusing
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on the occurrence, detection, and transmission of viruses in the envi-
ronment [26-29], this paper aims to provide state-of-the-art technology
in battling transmission of SARS-CoV-2 in wastewater via photocatalytic
degradation. The concept and limitation of the existing conventional
and current advanced oxidation processes for virus disinfection in water
systems were reviewed extensively. A broad range of virus degradation
by various photocatalysts was also deliberated to understand the
possible mechanism to deactivate this deadly virus. At the end of this
review, the challenge and future perspectives are included to provide
the limitation of current photocatalytic and suggest a reasonable outlook
on developing advanced photocatalytic technology as a promising
alternative in handling similar forthcoming pandemics. To the best of
our knowledge, this is the first systematic review that delivers insightful
information and discussion on the potential of photocatalysis in battling
COVID-19 transmission through wastewater.

2. Virus disinfection via conventional methods

Physical or chemical disinfectants may be used for disinfection.
Chemical pollutants of water, which act as carbohydrates or habitat for
microorganisms, are often extracted by the disinfectant. Disinfectants
should do more than just destroy bacteria. Disinfectants must also have a
residual effect, which ensures that they must stay present in the water
after disinfection. After disinfection, a disinfectant can deter pathogenic
microorganisms from emerging in the pipes and recontaminating the
water. Fig. 2 shows the classification of water disinfection methods [17].

Many wastewater treatment methods aim to inactivate pathogenic
microorganisms that are toxic to marine organisms. Recent tests, how-
ever, have shown that even after water treatment, a measurable number
of pathogens existed in effluents. In hospitals and treatment centres,
chlorine is one of the most used disinfectants [30]. In addition to
destroying most microbial communities, this detergent has a detri-
mental influence on the ecosystem and may be hazardous to marine
organisms if it reaches waterways [31].

Chlorination can also result in nitrosodimethylamine (NDMA)
development, which has been linked to human cancer. The chlorination
process will react with organic matter, producing trihalometanes
(THMs), a carcinogenic compound [30]. Conventional filtration
methods for wastewater treatment are unsuccessful at eliminating
micropollutants like viruses. Furthermore, certain bacteria have been
discovered to be immune to such chemical materials [32]. These results
are in line with the findings of Al-Gheethi et al., who discovered the
existence of viable microbial cells even after the treatment phase [33].

The use of solar-based disinfection (SODIS) technology, especially in
water and wastewater disinfection, is a promising approach. This system
is ideal because of the abundance of high solar radiation, low capital
expense, and long-term feasibility. Meanwhile, nanotechnology’s use in
wastewater treatment has also been recorded in the literature. Noman
et al., for example, looked at how bimetallic bionanoparticles inacti-
vated antibiotic-resistant E. coli (Gram-negative) and Staphylococcus
aureus (Gram-positive) bacteria seeded in greywater [34]. According to
the inactivation mechanism, the bacterial cells were inactivated due to
disruption to the bacterial cell wall’s carbohydrates and protein struc-
tures [35]. The C—C bonds of the functional groups found in the bac-
terial cell wall were broken. The combination of SODIS and
nanotechnology could result in a novel disinfection method for inacti-
vating human viruses. The most popular nanoparticles used for waste-
water disinfection are ZnO, which are more efficient when exposed to
sunlight, theoretically increasing antiviral activity [36].

As specified by ISO 13408-1, sterility assurance level (SAL) is used to
characterise the killing efficiency of a treatment process, with the
treatment process being very efficient if the SAL is very poor. Log
reduction accepted by the United States Environmental Protection
Agency (USEPA) is a term widely used to measure the efficiency of
disinfection processes [37]. SAL is generally written as 10", Based on the
pathogen’s initial concentration, a 10° or 10° value is most often used
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Chemical disinfection

1. Chlorine (Cl,)
2. Chlorine dioxide (ClO,)
3. Hypochlorire OCl
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+
)

8.Kalium permanganate (KMnO,)
9.Phenols
10. Alcohols
11. Kwartair ammonium salts
12. Hydrogen peroxide

Physical disinfection

1. Ultraviolet (UV) light
2.Electronic radiation
3.Gamma rays
4. Sounds
5.Heat

Fig. 2. Classification of water disinfection methods.

for sterilisation. The log reduction is (101), which represents a 90 %
reduction in the microbial community. The microbial population falls
from one million (10°) to almost zero, or a reduction of 99.9999 %,
when disinfection with a 6-log reduction (10%) is used [38].

A kill rate of 99.99 % is measured by a four-log reduction. The
growth of inactive bacteria should be calculated as an indication for
inactive viruses to ensure that the removal of treated effluent is healthy.
If no growth can be seen in the culture medium after incubation, these
cells are designated as destroyed [39]. However, the capacity of mi-
crobial cells to resuscitate can be affected by the storage conditions of
disinfected samples. Salmonella, S. aureus, and Enterococcus faecalis were
resuscitated in sewage samples treated with solar disinfection (SODIS)
for 6 h and deposited at 37 °C for 4 days. The capacity of the disinfection
process to damage the bacteria’s cell walls can enable cells to survive. In
this situation, a pathogen growth potential (PGP) bioassay must be
performed [40]. Table 1 summarises the water disinfection process, with
reviews of the advantages and disadvantages.

3. Virus disinfection via an advanced oxidation process

Advanced oxidation processes are a recently discovered technology
for the disinfection of viruses in polluted wastewater by generating
reactive oxygen species such as hydroxyl radicals as an oxidising agent
to treat harmful pathogens. The generation of radicals may be initiated
by primary oxidants such as hydrogen peroxide, ozone, sources of en-
ergy (UV light, ultrasonic and heat), or catalysts such as titania, iron
oxide, or other semiconductors. Hydroxyl radicals are known to rapidly
and unselectively bombard organic molecules. The generated radicals
degrade the organic molecules found on the virus cell wall and directly
deteriorate the virus pathogens. The advanced oxidation processes
include ozonation, ultrasound, Fenton process, and photocatalysis, have
been effectively and efficiently utilised in treating virus-contaminated
water. The methods offer other diverse approaches to the production
of hydroxyl radicals that make it more flexible and therefore provide a
better approach to complying with strict guidelines during wastewater

treatment.

Ozonation is a common technique in virus disinfection from waste-
water that utilises three oxygen atoms (O3) called ozone into the water.
Ozone presents in the form of gas, which is one of the most potent
oxidising agents. When ozone is dissolved in water, it produces a broad
spectrum of reactive oxygen radicals (ROS) that could oxidise organic
materials in virus membranes, which destroys the cell wall and leads to
cell bursting, causing immediate degradation of the viruses [44]. Pre-
vious studies reported that the virus could be removed from wastewater
by ozonation [45,46]. Furthermore, ozone is highly reactive and must be
directly used after onsite generation and difficult to store [47]. Ozona-
tion in wastewater could also result in the formation of harmful
by-products such as aldehydes, carboxylic acids, and bromate when
reacting with dissolved organic matter and bromide [45].

Ultrasound is a longitudinal wave with frequencies in the range of
20-106 kHz [48]. This frequency is above the human hearing range
(20 Hz to 20 kHz) but below the mega-sonic range (>600 kHz) [49].
This technique has attracted wide attention in water and sewage system
due to simplicity, high decomposition speed, and zero secondary
pollution. Ultrasound is evaluated as one of the AOP for the degradation
of pollutants in the water system due to the formation of free hydroxyl
radicals with oxidising capabilities [50,51]. Ultrasound technique was
reported to disinfect microorganisms and viruses by several mechanisms
based on acoustic cavitation [49,52,53]. Cavitation is the phenomenon
of microbubbles or cavities forming, growing, and collapsing in a liquid
in extremely short time intervals (milliseconds) [49]. The mechanism
involved are: (1) the viruses could be chemically disinfected by bom-
barded with hydroxyl radicals generated via ultrasound, (2) the virus
could be physically attacked by the high temperature and pressure that
results from the momentum of bubble collapse that can kill the viruses,
and (3) shear forces that persuaded by microstreaming that could
damage the virus. Ultrasound technique can be applied as a stand-alone
process or integrated with other disinfection techniques such as chlori-
nation, heating, ozonation, and UV irradiation [53,54]. However, the
utilisation of ultrasound technique in water treatment requires high
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Table 1 Table 1 (continued)

Summary of water disinfection methods. Methods Advantages Limitations References
Methods Advantages Limitations References Chloramines e Chloramine is a e Chloramine [24]
Chlorine gas e Chlorinationisaless e Chlorinationmaybe  [21] more durable concentrations are

costly choice than opposed on an disinfectant than more difficult to
using ultraviolet aesthetic basis chlorine, but it is not control than
(UV) or ozone to because it imparts as effective as chlorine
clean water. unpleasant tastes chlorine in concentrations.
o Itisselective against and odours to the providing long-
various pathogenic water. lasting residual
bacteria. disinfection.
e Dosing rates can be e Chloramination
easily managed produces no by-
because they are products.
adjustable. Ozonation e Ozone has a high e Since ozone is [41]
o Also, after initial oxidising ability. unstable at ambient
treatment, residual e Germs (including pressure, onsite
chlorine in the viruses) must be generation is
wastewater effluent destroyed in a needed.
will extend the matter of seconds, e Sinceitisa
disinfection phase. which necessitates a greenhouse gas, it is
It can also be used to rapid response poisonous at high
measure period. concentrations. The
performance. e Colour and flavour ozone 10
Chlorination e Both sodium e NaOCl may be [22] do not change. photocatalysts -
(sodium hypochlorite and purchased o It does not applications and
hypochlorite chlorine gas are commercially or necessitate the use attributes
solution) effective produced onsite, of any chemicals. destructor, ozone
disinfectants. with the latter being e After disinfection, contact chamber,
e In situ generation, the better option for water is given and generator are
no dangerous handling. Salt is oxygen. the three
chemicals are used. dissolved in o Algae is destroyed components of an
Just softened water softened water to and removed. ozone system.
and sodium chloride create a condensed e Any organic matter
(NaCl) are used. brine solution, is reacted to and
e Sodium diluted, and moved removed.
hypochlorite into an electrolytic Ultraviolet (UV) o It reduces the e There are some [42]
(NaOCl) solutions cell to produce light potential for limits to UV
are less hazardous (1 sodium regrowth within the disinfection in
% concentration) hypochlorite onsite. delivery chain, developing
and less Because of its ensuring that the countries. The
concentrated than explosive nature, accumulation of energy demand is
the normally hydrogen is biodegradable or the big stumbling
supplied solution therefore produced assimilable organic block. Electric
(14 % during electrolysis carbon (AOC) does power supply
concentration) and must be vented. not rise. cannot be assured in
when producing e By-products such as certain networks.
onsite demand. haemoglobin- e One drawback may
Chlorination e Ca(OCl), is safer e Contamination or [23] associated acetalde- be the lack of a

(solid calcium
hypochlorite)

than chlorine gas
and NaOCl since it is
in solid form.

inappropriate use of

Ca(OCl), will result
in explosions, fires,
or gas leaks (toxic
gases). Every
foreign matter
should not be
allowed to come
into contact with
calcium
hypochlorite
(including other
water treatment
products).

Ca(OCl); can react
violently with even
very small
quantities of water,
creating poisonous
gases, flame, and
spatter.

Heat will cause Ca
(0C), to
decompose easily,
resulting in an
explosion, a burning
fire, and the release
of poisonous gases.

hydes (HAA), tri-
halomethanes
(THM), aldehydes,
ketoacidosis, and
bromate are not
produced.

We can accomplish
the same log
inactivation of
Giardia and
Cryptosporidium
using UV light,
which is less
expensive than
using chlorine
dioxide or ozone.
There is no
development of
chlorinated
disinfection by-
product (DBP) as
used in conjunction
with chloramines.

single test to check
for adequate ray
disinfection. Since it
leaves no stains, it is
only useful as a
primary
disinfectant. It does
not serve as a
secondary
disinfectant of
water, so it does not
work against
reinfection.
Chemical structure
and the quality of
microorganisms
found in influent
water are also
concerns of UV
disinfection. To
protect bacteria,
turbid, cloudy, or
water with a
significant number
of bacteria may be
used. Chemical
structure is a major
issue, as water
containing many

(continued on next page)
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Table 1 (continued)

Methods Advantages Limitations References

minerals can cause a
coating on the lamp
sleeve, minimising
the treatment’s
efficacy.

Since photocatalytic [43]
degradation occurs
primarily on the
surface of TiO,,
mass transfer
limitations must be
minimised for
successful TiO,
water treatment.

Photocatalytic
disinfection

Photocatalysis, in
contrast to standard
treatment
techniques, results
in the formation of
harmless
compounds.
Various toxic
chemicals can be

found in Since TiO, has a low
wastewater. In affinity for organic
different drainage pollutants

sources, the (particularly
photocatalytic hydrophobic

method removes
various harmful
substances.

organic pollutants),
organic pollutants
adsorb poorly on its
surface, resulting in
slow photocatalytic
degradation rates.

There are minor
reactions. There is
less chemical input,
and the reaction
time is short.

To some degree, it
can be used for
hydrogen
generation, gaseous
phase, and aqueous
treatments, as well
as solid (soil) phase
treatments.

operating and maintaining costs due to the high energy consumption
and replacement of instruments like the ultrasound probe, which
continue to be managed by the ultrasonic activity itself [55].

The Fenton process is the reaction between aqueous ferrous ions and
hydrogen peroxide to generate hydroxyl radicals in acidic conditions.
Fenton’s reagent was first discovered in 1894 by Henry John Horstman
Fenton through the oxidation of tartaric acid by activating hydrogen
peroxide into hydroxyl radicals and hydroxide ions by Fe** [56]. Later
only in the late 1960s, the Fenton process successfully destroyed haz-
ardous organic pollutants in wastewater by radical oxidation and floc-
culation [56]. This process is considered one of the most effective AOP in
removing organic pollutants and microbial disinfection in wastewater
application. The main benefits of this process in disinfection treatment
are: (1) both reagents (iron and hydrogen peroxide) are non-toxic and
cheap, (2) harmless by-products generation as in chlorination and
ozonation, and (3) no mass transfer limitation. However, there are
several limitations suffered by the Fenton process, such as (1) high
consumption of hydrogen peroxide, (2) strict pH range, (3) sludge
generation, and (4) the accumulation of ferric sludge that could affect
the oxidation performance. Therefore, several modifications to Fenton
reagent were made to overcome the limitation of the traditional Fenton
reagent, such as integration with external energy and development of
heterogeneous Fenton process to ensure efficient and sustainable water
purification [57]. Nieto-Juarez et al. investigated the inactivation of
MS2 virus by iron hydroxide mediated Fenton-like process under the
sunlight and in the dark [58]. They found viruses can be physically
removed from water as well as inactivated by adsorption and a
particle-mediated photo-Fenton-like process using heterogeneous
Fenton-like processes.

According to the above description, photocatalytic disinfection is the
most effective procedure for water treatment. Mass transfer limitations
must be minimised for efficient TiO, water treatment because photo-
catalytic degradation occurs primarily on the surface of TiOy. Organic
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pollutants adsorb poorly on TiO, surface due to their low affinity for
organic pollutants (particularly hydrophobic organic pollutants),
resulting in slow photocatalytic degradation rates. As a result, pollutant
targeting around TiO3 nanoparticles to improve photocatalytic perfor-
mance must be considered [59].

Furthermore, due to the instability of the nanosized particle, TiO,
nanoparticles can aggregate, obstructing light incidence on the active
centres and reducing catalytic activity. However, it should be noted that
those small particles can experience greater scattering, which may
reduce their photocatalytic activity compared to larger particles.
Furthermore, one major practical obstacle for the slurry method is to
extract the nanosized TiO, particles from the treated water, which is
both an economic and a safety issue [60]. Previous studies have used the
following countermeasures to resolve the weaknesses of TiO, dependent
photocatalysis:

1. Changes to the TiO; catalyst to allow visible light to be used [61].

2. Catalyst synthesis should be designed to produce catalysts with
well-defined crystal structures, high affinity for different organic pol-
lutants, and smaller particle sizes [62].

3. Design and develop a second generation TiO catalyst with high
separation efficiency and the ability to be recovered and regenerated
[63].

These modifications and advancements aim to improve photo-
catalytic performance, complete organic pollutant degradation, visible
light absorption, stability, reproducibility, and TiO, recycle and reuse
capabilities. The following section will focus on photocatalytic action as
a disinfection process for water treatment.

4. Virus disinfection via photocatalysis

Photocatalysts are semiconductor oxides that serve as heterogeneous
catalysts in the presence of electromagnetic radiation. They act as a
medium to decompose living or non-living microstructures accumulated
on any surface or suspended in liquid or gases and come into contact
with a solid surface. Photocatalysts may also use photocatalytic re-
actions to break the water and create hydrogen. The phenomenon
mentioned above occurs due to a process known as photocatalytic
oxidation and reduction [60]. The photocatalytic process involves three
main stages: (1) formation of photoinduced charge carrier, (2) separa-
tion of charge carrier and distribution to the surface of the photocatalyst,
and (3) oxidation and reduction reaction on the surface of the photo-
catalyst [13].

As illustrated in Fig. 3, Zhang et al. [64] suggested the progress on
photocatalysis in battling virus from the water system. Virus disinfection
in water by photocatalysis was pioneered by Sierka and Sjogren in 1994
[44]. They found MS2 viruses successfully disinfected by TiO, photo-
catalyst under UV irradiation. In 2008, most research works focused on
developing TiOy-based photocatalyst that can deactivate viruses under
visible light irradiation. Later, the potential of various metals other than
TiO4, such as iron oxide [65], silver [66], alumina [66], and copper
oxide [67], was investigated for virus disinfection under visible light.
Since then, metal-free photocatalyst like carbon-based photocatalyst
with antiviral properties was further explored to obtain cheap, safe, and
sustainable materials for viruses disinfection in the water.

4.1. Performance evaluation on virus disinfection via photocatalysis

Earlier, TiO2 photocatalyst has shown great potential as a solution
for sewage and wastewater treatment because it is non-toxic, cheap, and
abundantly available. TiO5 photocatalysts successfully deactivated vi-
ruses like phage MS2, bacteriophage Qp, phage f2, murine norovirus,
and human adenovirus [68-72]. Viruses disinfection by photocatalyst
could overcome the drawbacks of the conventional disinfection
methods, such as the generation of harmful by-products and utilisation
of large volumes of chemicals. However, there are main limitations
suffered by TiO, photocatalyst, which are lower bandgap, poor
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Fig. 3. Progress in photocatalysis in battling virus from the water system. Reproduced with permission from Elsevier, [64].

capability for carrier charge separation that results in incompetent enhance the photocatalytic activities on virus degradation through
exploitation of visible light, and low photodegradation performances. visible light irradiation.

Later, coupling TiO5 photocatalyst with other metals such as manganese The technology of photocatalysis that employs carbon-based photo-
(Mn) [73], palladium [74], silver oxide (AgO), copper [75,76] and catalyst has attracted much attention due to the zero risk of metal
copper oxide [67] to form heterojunction photocatalyst could further leaching into the water system and optimum natural light-harvesting

Visible light

0, Inactivation

] /_\ Cgp. toluene /\
PS or SiO, 38 °C, hv PS or SiO,

Fig. 4. (a) Schematic illustration on immobilization of fullerene on PS or SiO, and SEM images of (b) neat PS resin, (c) Cgo coated on PS resin, (d) neat SiO, gel and
(e) Cgo coated on SiO, gel [80].
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capability [77-79]. The non-metal photocatalysts that have been
developed for virus disinfection include carbon-based materials such
fullerene [80,81] carbon nanotube [82], carbon dot [83,84], and
graphitic carbon nitride (g-C3sN4) [78,85,86].

Fullerene (Cgp) is a spherical carbon-based molecule made up of
carbon atoms kept together by sp? hybridisation. Fullerenes have a
peculiar three-dimensional structure and have high chemical stability.
They also have a large specific surface area and strong electrical con-
ductivity. Fullerene offers the generation of ROS under visible light due
to its small gap between the highest occupied molecular orbital and
lowest occupied molecular orbital, which is approximately 1.6-1.9 eV
[87]. A previous study reported that the suspensions of poly-
hydroxylated fullerene successfully inactivated the non-enveloped vi-
ruses like MS2 bacteriophage, enterobacteria phage PRDI1, and
bacteriophage T7 under UVA irradiation [88]. Hotze et al., determined
that the virus inactivation by fullerene material is mainly based on the
production of singlet oxygen (*05), one of the ROS by fullerene aggre-
gates, and resistance of the viruses determined by the structural and
composition of non-enveloped virus capsids. However, the potential of
fullerene as a photocatalyst in wastewater treatment was limited to the
aggregation of the nanoscale particles that reduces the photochemical
properties. Therefore, immobilisation of fullerene appeared as the most
practical approach to retain the photoactivity in the aqueous system.
Moor et al. managed to immobilise fullerene on silica gel and poly-
styrene resin by the simple nucleophilic addition of a primary amine
across a [6,6] fullerene double bond and followed by proton transfer
under mild condition as shown in Fig. 4(a) [80]. Based on the SEM
images in Fig. 4(b-e), Moor et al., suggested the surface of PS resin and
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silica gel were covered by monolayer coverage of fullerene and did not
exhibit significant aggregation. The immobilisation of fullerene on solid
materials also promoted the production of 'O, in the water under visible
light irradiation and deactivated MS2 bacteriophages without exhibiting
significant loss of photocatalytic activity after repeated cycles. Besides
that Cgg fullerene, the immobilised Cy( fullerene on MCM-41 also dis-
plays antiviral properties towards MS2 in the water system under visible
light irradiation [81].

In contrast, g-C3Ny4 can be synthesised directly from earth-rich, low-
cost precursors rich in nitrogen, e.g., heating the melamine [79]. The
g-C3N4 consists of organic elements such as carbon, nitrogen, and
hydrogen and has the ability to break water and produce hydrogen
under visible light irradiation, making it a non-metal catalyst and widely
utilised for water treatment [89-91]. To date, g-C3N4 was documented
for having antimicrobial and antivirus properties through photocatalytic
degradation [92]. The bandgap of g-C3Ny4 is 2.7 eV that is appropriate
for visible-light-driven photocatalyst with a conductive band of —1.1 eV
and valence band of +1.6 eV, and normal hydrogen electrode as refer-
ence [93].

To evaluate the photocatalytic inefficient of g-C3gNy for virus disin-
fection under visible light irradiation, Li et al. used bacteriophage MS2
as a model virus [78]. As depicted in Fig. 5(a), bacteriophage MS2 was
completely inactivated within 360 min under visible light irradiation.
The regrowth test was also conducted in the dark for 72 h. No visible
plaques formed, indicating that g-C3N4 had inactivated the virus
through the photocatalysis process. As shown in Fig. 5(b), Li et al. also
compared the performance of g-C3N4 with other metal-based visible--
driven photocatalysts such as nitrogen doped TiO» (N-TiO3), BioWOg

Samples

2CN, N-TiO, Bi,WO, Ag@AgCl
: 2
-1 4 .
22 4
.34
-4 -
-5 4 -
p g-C3N, N-TiO,  Bi,WO; Ag@AgCl
74 éﬁ o
-8

Fig. 5. (a) Images of MS2 plaques formation before and after photocatalytic disinfection by g-C3N4 under visible light irradiation, (b) comparison of photocatalytic
performance on MS2 inactivation under visible light irradiation, (c) schematic diagram of proposed mechanism on MS2 inactivation by g-C3N,4 photocatalyst [78].
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and Ag@AgCl for viral deactivation. They revealed that more than 7-log
of MS2 were deactivated by g-C3N4, whereas about 1-log and 4-log of
MS2 were deactivated by N-TiOy and BisWOg photocatalyst, respec-
tively. The Ag@AgCI recorded the highest inactivation of MS2, which
resulted from the presence of biocidal silver ions and silver nano-
particles that performed as an electron sink to expedite charge separa-
tion and enhance the photon harvesting [94]. However, the application
of silver-based photocatalyst is costly and may pose health risks in the
treated water due to the dissolution of Ag™ and Ag nanoparticles. As
depicted in Fig. 5(c), the degradation mechanism of MS2 by g-C3Ny4
under visible light irradiation mainly involved the oxidation damage on
the surface protein of the virus by ROS that resulted in the leakage and
shape distortion which finally led to the rapid destruction of genetic
materials namely RNA and caused the viral death with no regrowth.

4.2. Mechanism of photocatalysis on virus disinfection

It was first to observe the photocatalysis mechanism by TiO, to
inactivate the virus by destroying the shell and/or capsid of viruses. As a
result, genetic materials, minerals, and proteins were released inside the
viruses and caused the virus to inactivate. Herein, it should be noted that
the photocatalysis mechanism of the virus occurred on the surface of the
film and can be explained by photodegradation of the protein capsid of
the virus and subsequently efflux of the viral RNA enveloped by the
protein layer. When virus reacts with the surface of the catalyst, active
radicals such as O3 , HOO', and HO' formed and oxidised the C—H
bonds and degraded viruses [95]. It is well known that most photo-
catalysts are semiconductor materials. The photocatalytic process based
on semiconductor materials can be briefly described as shown in Fig. 6.
When the semiconductor is irradiated by light, photogenerated electron
(e7) and hole (h™) are generated and react with other substances to form
ROS, including "OH, H,0,, H™, and "0z, and these ROS participate in the
photocatalytic degradation bacteria process. Afterwards, reactive oxy-
gen species attack the cell membrane. The coenzyme A on the cell
membrane is damaged, resulting in inhibition of respiration dependent
on the intact cell membrane, reduction or loss of cellular respiration
activity, and eventually cause cell death.

To view the potential of photocatalysis as an alternative solution for
battling COVID-19, understanding the real mechanism of deactivation
and destroying the microorganisms, especially coronaviruses, during
photocatalytic disinfection is vitally important. It might be helpful to
develop a more efficient and powerful photocatalyst by (1) designing the
morphology according to virology, (2) hybridising or functionalising
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with transition metals ions, and (3) fabricating composites or hetero-
geneous photocatalyst for efficient energy utilisation and recovery.
Typically, microorganisms contain outer membrane, peptidoglycan,
and cytoplasmic membranes responsible for structural integrity and
retention. The membranes surround an internal liquid-based cyto-
plasmic matrix that is comprised of genetic material and biochemical
systems. Based on the complexity of the microorganisms, the complete
mechanism of their degradation by photocatalytic remains partially
known. As illustrated in Fig. 7, Regmi et al. reviewed the possible
mechanism of photocatalytic degradation by semiconductor and nano-
particles photocatalyst on microbial cells in wastewater environment
involving (1) oxidative stress induction; where the excess generation of
ROS leads to peroxidation of the lipid membrane and protein attack that
depresses the activity of some periplasmic enzyme and directly interact
and damage the genetic materials, (2) metal ion release; the metal ions
could exempt from semiconductor photocatalyst then passed through
the cell membrane and directly reacted with the functional groups of
nucleic acid and protein such as —COOH, -NH, and -SH, before finally
destroying them, (3) non-oxidative mechanism; reducing the critical
cellular metabolism such as amino acid, protein, nucleotide, and car-
bohydrate metabolism without oxidative stress induction [96].
Nevertheless, only the first mechanism has gained the interest of the
researchers, which involved the generation of ROS that plays a major
role in virus disinfection. Researchers strongly agreed that the main
degradation of microorganism is initiated by the prolonged ROS attack
results on the damage of the cell wall, followed by the cytoplasmic
membrane and direct attack of intracellular components comprising
genetic materials within the microorganism as depicted in Fig. 8 [97].
Viruses and their host bacteria typically co-exist in actual water
conditions. Therefore, the efficiency of photocatalytic inactivation in the
mixed system of virus/bacteria is of practical importance. For instance,
Zheng et al. fabricated Cu-TiO2 nanofibres for the removal of virus
bacteriophage f2 and bacteria E. coli 285 [75] (Fig. 9(a)). They
compared the inactivation of both virus and bacteria in a single and
mixed systems with the presence and absence of source light. Under
visible light, both E. coli and bacteriophage f2 were inactivated
completely within 240 min, as shown in Fig. 9(b). This indicates
bacteriophage f2 is more resistant to photocatalytic oxidation in the
virus/bacteria mixed system than E.coli 286. However, in the virus/-
bacteria mixed system with the absence of source light, the removal
efficiency of bacteriophage f2 decreased significantly compared to that
in the single virus system, as depicted in Fig. 9(c). It can be assumed that
free ROSs play an important role in phage f2 inactivation and in the bulk

Fig. 6. Virus inactivation process through photocatalysis [95].
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Fig. 7. Schematic illustration of the proposed mechanisms of microbial disinfection by difference semiconductor photocatalysts through activation of semiconductor
by visible light, then generation of ROS by various semiconductors followed by the release of metal ions targets generic materials like mRNA, deoxyribonucleic acid
(DNA), and ribosomes (The blue color arrow indicates targets of bismuth vanadate, BiVO,4. The green color arrow indicates targets of Ag nanoparticle) [96].
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Fig. 8. Schematic diagram of the disinfection of E. coli by photoactivation of TiO, photocatalyst; (a) before disinfection, (b) ROS attack results in damage of the outer
membrane cell wall, (c) prolonged ROS attack results in degradation of peptidoglycan, cytoplasmic membrane and direct DNA damage [97].

phase.

Virus disinfection in the water system by photocatalysis is also
affected by the presence of natural organic molecules. Besides bacteria,
the actual water system also contains natural organic matters (NOMs)
such as nucleic acids, carbohydrates, and proteins. Their presence could
quench the generated ROS and serve as disinfectants [98]. Therefore,
the disinfection of viruses must also consider the presence of NOMs. To
further explore this situation, Cheng et al. utilised humic acid as NOM
representative and Cu-TiO, nanofibers as a photocatalyst [76]. They
found that when the concentration of humic acid was increased from
0 to 15 mg/L, the removal efficiency of bacteriophage f2 declined from
5.00- to 1.89-log. This is due to the presence of humic acid that pre-
vented the viral photocatalytic efficiency of the photocatalyst. It could
be inferred that the presence of humic acid also dramatically reduces its
stability. Particularly, for the practical application of virus photo-
catalytic disinfection technology, the existence of NOMs is a
non-negligible problem, and more relevant research should be con-
ducted to gain a better understanding of this subject.

5. Challenges and future perspectives

The impressive performance of the virus inactivation through the
photocatalysis process in water, as summarised in Table 2, has proven

the capability of photocatalysis to disinfect various harmful viruses.
However, there are several challenges and barriers in the disinfection of
viruses by photocatalysis, especially in battling them in wastewater.
First, the difficulty in recovery of the suspended photocatalyst from the
solution. Because of the possible toxicity of nanosized photocatalysts
and the photocatalysts functionalised with other carcinogen substances,
the powdery-shaped and suspended nanosized photocatalysts must be
removed before the treated water is reused or released into the envi-
ronment The photocatalytic disinfection of the virus could also be more
harmful if the released photocatalyst has not gone through a complete
reaction, where disinfection has still not occurred, and the photocatalyst
is still holding the adsorbed harmful viruses. Second, in real water ap-
plications, the nanosized photocatalysts are brittle and prone to aggre-
gation. Aggregation of photocatalyst could hinder the active surface area
and reduce the photocatalytic performance. Therefore, those barriers
must be overcome if photocatalytic degradation is to be used indepen-
dently in wastewater treatment.

To address the above challenges, immobilising the photocatalyst into
porous or floating substrate could solve the recovery and agglomeration
issues of the suspended photocatalysts in the aqueous system [13,67,
92]. The porous substrate could be an organic or inorganic membrane
leading to the development of a bifunctional photocatalytic membrane
that acts as a filter and photocatalyst in the same chamber. However,
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Fig. 9. (a) Photocatalysis activity of Cu-TiO2 nanofibers in single virus system and virus/bacteria mixed system, (b) photocatalytic performance under visible light

irradiation, and (c) photocatalytic performance without light irradiation [75].

incorporating the photocatalyst in the substrate might result in the
sedimentation of the photocatalyst at the bottom of the substrate. This
condition could hinder the maximum light utilisation from activating
the photocatalyst. Hence, modification or functionalisation of the pho-
tocatalyst and the substrate can be adapted to guarantee the photo-
catalyst remains at the top surface of the substrate. Other than that,
utilisation of translucent or transparent substrate might solve the source
light utilisation.

Besides that, the application of electrospun nanofibrous photo-
catalyst also attracted much attention in virus disinfection in water
systems due to their super porosity and high surface area to volume ratio
[74,76,99]. Nevertheless, electrospun nanofibrous photocatalysts are
broadly acknowledged as brittle and fragile, and they can collapse easily
due to their large pore size. This condition makes them not suitable to be
used in water treatment for long-term application. Post-treatment after
fabrication of nanofibrous photocatalytic could enhance the flexibility
and mechanical strength of the nanofibrous photocatalyst.

Apart from that, viruses were reported to have stronger resistance
towards photocatalytic disinfection than other microbes such as bacteria
due to their differences in structural and geometric properties [75].
Unlike bacteria, viruses are the smallest and tiniest germ that can spread
easily through the air that can cause various diseases with specifically
targeted cells. For example, when a certain virus gets inside a host, it can
hijack the specific cellular machinery like blood, respiratory system,
liver, or other organs to generate clones of itself, overtaking more cells,
continuing to reproduce, and finally destroying the targeted cells and
harming the body. In the case of COVID-19, when SARS-CoV-2 gets in-
side the human body, it specifically attacks the upper and the lower
respiratory system like sinuses, nose, throat, windpipe, and lungs before
damaging the organs and terminating the whole body. The recent
finding through protein simulation revealed that the active SARS-CoV-2
spike protein is more stable than the active SARS-CoV-1 spike protein
[106]. In comparison, SARS-CoV-1 moves faster, active, and nonactive,
requiring a longer time to attach to human cell because of their insta-
bility. Meanwhile, SARS-CoV-2 are more stable and ready to attack
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which makes the COVID-19 much easily transmitted among human
compared to MERS and SARS-CoV-1. The detection of the variant of
SARS-CoV-2 through mutation also increases global awareness for
improving current wastewater treatment.

Therefore, it is urgently crucial to develop an advanced remedy to
deactivate the targeted viruses, especially SARS-CoV-2 in the water
system. Development of smart or intelligent photocatalytic membrane
could specifically exclude, adsorb, and photocatalytically degrade the
virus according to their structural and geometric properties. By inte-
grating stimuli-responsive materials that act as automatic doors by
flexible adjustment of pore sizes and surface properties in response to
the size or biological properties of the targeted viruses, the intelligent or
smart membrane could overcome the bottlenecks of current photo-
catalytic technology.

6. Conclusion

In conclusion, there has been a significant rise in evidence suggesting
the presence of pathogenic novel SARS-CoV-2 in wastewater.
Throughout this review, the articles on various viruses disinfection by
photocatalyst were evaluated extensively. It is discovered that in the
presence of electromagnetic radiation, photocatalysts degrade any
microorganism that has spread through surfaces or polluted the air,
including the current deadly COVID-19 virus. There are only a few
photocatalysts that operate successfully in the presence of UV radiation
at the moment. The scientific work on improving the performance of
photocatalysts in the presence of visible spectrum radiation, such as
solar radiation, is still ongoing. However, the photocatalysts’ stability
and protection must be assured before being used in the public domain.
If these limitations are overcome, photocatalysis can become a more
effective weapon in the fight against the virus’s spread. It is hoped that
photocatalysts will be commercialised and adopted on a wide scale in
the near future to clean up contamination and kill deadly species like
coronavirus.
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Table 2
Summary of virus inactivation through photocatalysis in water.
Photocatalyst Viruses Light source Virus References
inactivation
efficiency
TiO, Phage MS2 uv 2.8-log in 65 [44]
min
TiO, Bacteriophage uv 3.5-log in 2 [69]
Qp min
TiOy Phage MS2 18 W black 1.8-log in [68]
light blue 180 min
(BLB) lamp
TiO, films Influenza virus uv 4-log in 150 [100]
HON2 min
TiO, Phage 2 6 W black 6-log in 15 [70]
light lamp min
TiO, MS-2 4 W BLB 2-log in 109 [71]
bacteriophage lamp min
TiO4 Phage 2 4 W UV 5—6-log in [101]
160 min
TiOy Murine uv 3.3-log in 24 [72]
norovirus h
TiO, P25 Human uv 0.49-log in [98]
adenovirus 14.3 min
Palladium- Phage MS2 Xe arc lamp 1.2-log in 60 [74]
modified min
nitrogen-
doped
titanium
oxide fiber
(TiON/PdO)
Cu-TiO, Bacteriophage Xe lamp 4.0-log in [75]
nanofibers f2 120 min
Cu-TiOy Bacteriophage Xe lamp > 5-log in [76]
nanofibers f2 240 min
Mn-TiO, Phage MS2 150 W Xe 4-log in 60 [73]
ozone-free min
lamp
TiO,/CuO films Phage T4 40 W UVA 9.9-log in [67]
lamp 180 min
Si0,-TiOy Phage MS2 8 W UVA 5-log in 1.8 [102]
lamp min
nAg/TiO, Phage MS2 8 W UVA 9.9-log in [103]
lamp 180 min
Ag-Agl/ Al,O3 Human Visible 3.2-log in 40 [66]
rotavirus Wa min
Pt-WO3 Influenza virus Visible > 5.5-log in [104]
HIN1 120 min
FeO Phage MS2 Simulated 5-log in 30 [65]
solar min
g-C3Ny Phage MS2 300 W Xe 8-log in 300 [78]
lamp min
| o o
Ce0/Si03 Phage MS2 2.8-log in 75 [80]
Fluorescent )
min
Sunlight :I;;log in 90
Cy0/Si0, Phage MS2 N 4.350g in [81]
Visible .
90 min
Rh-SITiO3 Phage Qp Vis Slogin120 1y
min
g-C3N,4 with Human L. 2.6-log in
H,0, adenoviruses Visible 150 min (851
8-CoNy Phage MS2 Visible Sologin g
g-CaNa/ - 5.8-log in
expz.mded Phage MS2 Visible 420 mgin [92]
perlite
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